Nickel (II) bromide bis-(triphenyl-phosphine)/lithium aluminum hydride: a versatile desulfurization reagent. by Ho, Kin Man. & Chinese University of Hong Kong Graduate School. Division of Chemistry.
NICKEL(II) BROMIDE BIS-(TRIPHENYLPHOSPHINE)
LITHIUM ALUMINUM HYDRIDE--
A VERSATILE DESULFURIZATION REAGENT
Kin Man HO
A thesis submitted in partial fulfilment of th
requirements for the degree of
Master of Philosophy in
The Chinese University of Hong Kong
1988
Thesis Committee:
Dr. Tien-Yau LUH, Chairman
Dr. Choi Nang LAM
Dr. Wai Kee LI
Prof. Yongzheng HUI, External Examiner

ACKNOWT JRDGMFNT5
The author would like to express his deepest gratitude to his advisor, Dr.
Tien-Yau LUH, for his patient guidance and encouragement through the course of
the research and the preparation of this thesis. His kindness and extraordinary help
make the completion of this thesis become an easy job.
He is indebted to Messrs. K.W. KWONG and C.W. FUNG for carrying out
nuclear magnetic resonance and mass spectral measurements.
Kin Man HO
Department of Chemistry











The nature of the reagent (5)
29Mechanism of the desulfurization reactions promoted by reagent (5)








A new reagent (5) prepared from nickel(II) bromide dimethoxyethane,
triphenylphosphine and lithium aluminum hydride has been found to be an
effective desulfurization reagent. Various carbon-sulfur bonds, such as benzylic,
aliphatic, aryl, were readily reduced by 5 in moderate to good yields. Mercaptans,
thioethers, sulfoxides as well as sulfones react equally well with 5. Deuterium
labelling experiment shows that the reducing agent provides the hydrogen source.
Preliminary examination on the nature of the reagent 5 has been carried out by
spectroscopic methods. Gas evolution experiment and other evidences indicate the
stoichiometry of 5 may be LiNiA1H2Br2L2 (L= Ph3P). Reagent 5 is found to be
an active catalyst (10 mol%) for the reduction of fluorenone dithioacetal with
stoichiometric amount of phosphine and lithium aluminum hydride. Other
substrates could not be reduced by such catalytic conditions.
A possible mechanism has been proposed. The results are compatible to
those reactions mediated by nickelocene/ lithium aluminum hydride and by Raney
nickel. The reaction is believed to be capable of serving as a homogeneous model
for the heterogeneous desulfurization reactions.
INTRODTTCTTO
The crude oil contains a variety of sulfur-containing compounds, such a:
mercaptans, thioethers, thiophene and its derivatives. Upon combustion, these
organosulfur components will produce sulfur dioxide which causes air pollution
and acid rain. Removal of sulfur content is accordingly an important catalytic
process in the purification of petroleum products. The key step of this process










The industrial heterogeneous systems which catalyze these reactions most
often contain sulfided molybdenum and cobalt species supported on alumina. The
actual mode of such catalytic process is, however, not clear.
The reduction of the carbon-sulfur bond is also important in organic
synthesis.4 One of the commonly used reducing agents is Raney nickel.5'6
However, the mechanism for these important reactions is not well-established.
Homer and Doms7 considered that some kind of interaction may occur
between the sulfur moiety and metal, followed by the transfer of the interstitial
hydrogen from the metal surface (Scheme 11
Both Raney nickel reagent used in organic synthesis and the industrial
hydrodesulfurization catalysts are heterogeneous. It is therefore difficult to
elucidate the mechanism of the reaction. A useful approach to solve this problem
is to develop a homogeneous system to simulate the heterogeneous reaction and
thereby the reaction mediated by such soluble catalyst(s) may easily be
monitored. Several approaches have been made in the literature to examine the
reductive cleavage of the carbon-sulfur bonds. A brief review on this area is
presented below.
As mentioned earlier, the complex formation between sulfur moiety and
catalyst may be important in the desulfurization reaction. Recently, Nakamura and
his coworkers reported that the carbon-sulfur bond in the niobium complex (1) is
quite labile and, upon thermolysis, the carbon-sulfur bond in 1 is cleaved Ceo. 4V'
[Ph4l
H.f
70 °C, DM] (eq.
[Ph4I • nivn
Moreover, the carbon-sulfur bonds in 2 have been shown to be readily
reduced with lithium aluminum hydride.
LAW
R-fT
These observations suggest that the carbon-sulfur bonds in the transition
metal thiolato complexes are indeed activated. It is known that certain soft
transition metal species have high affinity with sulfur moiety. As the matter of
fact, several transition metal organometallic systems are active desulfurization
0
agents. To illustrate this, metal carbonyls such as tetracarbonyl
di-p.-chlorodirhodium(I), molybdenum hexacarbonyl and tungsten
hexacarbonyl are found to be effective in the reductive cleavage of
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Transition metal hydridic species have also been found to smoothly








It is noted that transition metal hydrides can be prepared directly from metal
halides and complex metal hydride(s).1 Such hydridic species could, in principle,
be generated in situ. Thus, in the presence of transition metal halides, lithium
aluminum hydride, sodium borohydride as well as sodium triethyl borohydride
17-21
are active desulfurization agents (eq. 10-14).























metal halides= CoCl2, FeCl,, VC1
R.T4 (F»n 1
It is interesting to note that a mixture of nickel chloride and sodium
borohydride known as nickel boride can reduce the carbon-sulfur bond of
thioethers. On the other hand, nickel halide- lithium aluminum hydride mixture
was found to be inert in these reactions.22 Several other nickel-based
desulfurization reagents have recently been reported.
Eisch and his coworkers found that the reagent prepared from
(2,2'-bipyridyl)( 1,5-cyclooctadiene) nickel (0) and lithium aluminum hydride can






Nickel(II) compounds in the presence of appropriate reducing agent were
also active in these reactions. Thus, the prior interaction of nickelocene with








Various carbon-sulfur bonds were reduced under these conditions. It is
noteworthy that functional groups such as isolated double bonds and carbonyl
functionality remain intact under these conditions. The possible structure (4) for
24
this nickel reagent has been proposed.
[ Li+]2
[THF]2
Secondary Grignard reagents in the presence of nickel catalyst are also active»
for the reduction of carbon-sulfur bond (eq. 17). Although the actual
mechanism of these reaction has not been explored, nickel hydride was reasonably
suggested as the intermediate which could be formed by p-elimination of the









The observations shown in eq. 17 is very promising. As mentioned
previously, metal hydride can be generated in situ from the reduction of metal
halide and lithium aluminum hydride. It seems likely that these two ideas could
be combined such that the nickel hydridic species could be generated from the
reaction of nickel halide and lithium aluminum hydride in the presence of
triphenylphosphine. The phosphine ligand might soften the nickel species and
therefore might be able to form complexes with organosulfur compounds.
Accordingly, the carbon-sulfur bond in these substrates might be activated and
reduced under the reaction conditions. In this thesis, a detailed investigation on the
reactivity of the reagent (5) prepared in situ from nickel(II) bromide
dime thoxy ethane, phosphine and lithium aluminum hydride will be presented.
RESULTS AND DISCUSSION
SYNTHESIS
Most of organosulfur compounds used in this investigation were prepared
according to literature procedures. Mercaptans were synthesized either from the
displacement of halides (eq. 18) or from the reduction of the corresponding
sulfonyl chlorides (eq. 19). Simple aliphatic or benzylic mercaptans (6, 7 and
8) were obtained according to eq. 18. On the other hand, aryl mercaptans, such as
2-naphthalenethiol (9), were prepared using the reaction shown in eq. 19. The













In the case of 2-fluorenethiol (10), stannous chloride in glacial acetic acid
was employed as the reducing agent. It is noted that 10 was readily oxidized to the
corresponding disulfide (11) upon prolonged contact with air. Accordingly, 10
was regenerated from the reaction of the riisnlfiHe 11 with corlinm homhvHriHp
The syntheses of thioethers (eq. 20)29 and dithioacetals (eq. 21)30 were
achieved according to literature procedures. The dithioacetal (12) was prepared
from the fluorenone and two equivalents of thiophenol (eq. 22). The procedure
30






























The precursor of the ethylenedithio acetals (13,14,15 and 16) were the
corresponding diketones( 17,18,19 and 20) which were prepared according to
Schemes 3 and 4.1 The dithioacetals (13,14,15 and 16) were obtained in a
similar manner as indicated in ea. 21.
Oxidation of thioethers with hydrogen peroxide afforded the corresponding
sulfoxides (eq. 23).233 2,2'-Bis(fluorenyl) sulfoxide (21), was synthesized by
treating fluorene with thionylchloride and anhydrous aluminum chloride







• SO tea. 24)
21
DESULFURIZATTOh
The reagent (5) was prepared by admixing nickel(II) bromide
dimethoxyethane and triphenylphosphine in molar ratio 1:2 in tetrahydrofuran
under nitrogen atmosphere. The solution was deep green in color which indicated
the formation of nickel(II) bromide bis(triphenylphosphine) complex (22). The
31
J1P-nmr spectrum showed a very broad signal centered at 5-150 ppm (yf2=
5100 Hz) with reference to external trimethylphosphite. This observation
suggested that 22 might exist as an equilibrium mixture of square-planar
o c
(diamagnetic) and tetrahedral (paramagnetic) structure. Then, an equimolar of
lithium aluminum hydride was added and the mixture turned from deep green to
dark reddish brown. The color showed that the reduced species might be a
nickel(O) complex (see later). The reaction was initially very vigorous and one
mole of hydrogen was evolved from one mole of the reaction mixture as
determined by gas buret. After stirring at room temperature for 30 min, the
solution was used for the desulfurization experiments.
Desulfurizatinn of mercaptans The reactions with mercaptans essentially
followed the literature procedures using nickelocenelithium aluminum hydride
reagent.In general, one equivalent of 5 was employed for the reduction of
mercaptans.
In the reactions with mercaptans, as soon as the reagent 5 was mixed with
oranosulfur confounds, effervescence occurred with the liberation of one molar
equivalent of hydrogen. After the initial exothermic reaction subsided, the
mixture turned from reddish brown to dark green in color and was stirred at
room temperature for one day. Usual workup procedure was then employed to
give the corresponding reduced products. The results are summarized in Table 1.
As can be seen from Table 1, carbon-sulfur bonds of different nature were
converted to the corresponding carbon-hydrogen bonds in moderate to good
yields. Either activated carbon-sulfur bond such as benzylic one (mn 1) or simple
Csp3-S bonds (runs 2 and 3) were readily reduced. It is noteworthy that
bridgehead mercaptan afforded the corresponding hydrocarbon in satisfactory
yield (run 3). In a similar manner, aryl carbon-sulfur bond was reactive under
these conditions (run 4).
In addition to the desired reduced products, significant amount of triphenyl
phosphine sulfide (23) (22-55%) was obtained from the reduction of mercaptans.
The formation of this product is somewhat interesting and may have an
implication for the mechanism of this reaction to be discussed later. It is worthy to
mention that 23 was obtained only from the reduction of mercaptans but not from
those of other substrates.
Desulfurization of thioethers:
Since thioether molecules contain two carbon-sulfur bonds, two equivalents
of the nickel reagent were used throughout this study. In contrast to the reaction
with mercaptans described above, no gas evolution was observed when the
Table 1. Desulfurization of mercaptans with 5 at 25°C for 24 h
Run Substrate Sub.: Ni: PPh,: LAH Product (%)a
.ch2sh










1: 1:2: 1 [52]
SPPh,
(22)
1: 1:2: 1 (83)
SPPh,
(42)
a)(% isolated yield),[% G.C. yield]
thioether was mixed with the nickel reagent. This phenomenon is understandable
because there is no active hydrogen available in these substrates. The mixture
was stirred at room temperature for ca. 24 h and the color gradually turned from
reddish brown to greyish green. After normal workup procedure, the
corresponding reduced products were isolated in moderate to good yields. Table 2
lists the results.
As shown in Table 2, benzylic (mns 5 and 6), aryl (run 7), and bridgehead
(run 8) carbon-sulfur bonds were smoothly reduced. There is apparently no
difference in reactivity of the reagent 5 towards mercaptans and sulfides. This
observation is parallel to the results of related system using nickelocene lithium
aluminum hydride as the reducing agent. 24 Dibenzothiophene can also be reduced
to biphenyl under these conditions. However, the overall yield was somewhat low.
Thus, upon treatment with two equivalents of 5, only 20% of biphenyl was
obtained. On the other hand, when four equivalents of 5 was employed, the
percent conversion raised to 40%.
Functional groups such as carbonyl may not be stable under the reaction
conditions. Hence, the reaction of 2-(phenylthio)acetophenone (24) gave a
complex mixture of products which had not been identified.
24
Table 2. Desulfurization of thioethers with 5 at 25 °C for 24 h
Run Substrate Sub.: Ni: PPh,: LAH Product(%)
















Desulfurization of dithioacetals The reactions with dithioacetals followed the
similar procedures with thioethers. The results are shown in Table 3. As can be
seen, fluorenone as well as acetophenone derivatives (runs 9,15 and 14) afforded
the respective reduced products in moderate yields. The reactions with
bis-dithioacetals surprisingly required large excess of the reducing agent and the
yields were no better than moderate (mns 10-13). Although the simple aliphatic
carbon-sulfur bond can undergo desulfurization with 5, the fact that 29 was found
to be inert towards 5 is striking. At this stage, no satisfactory explanation could be
made. Allylic dithioacetal (30) on the other hand gave a mixture of unidentified
products.
29 30
Desulfurization of sulfoxides and sulfones Since sulfoxides or sulfones can
also readily be reduced with Raney nickel7 and with nickelocene lithium
aluminum hydride reagent,24 it would be interesting to examine the reactivity of
5 towards these substrates. In general, excess amount of 5 was used in the
desulfurization reactions. The results of the desulfurization reactions of sulfoxides
and sulfone are listed in Table 4. It is noted that different types of sulfoxides and
sulfone were reduced smoothly to give the products in moderate to good yields.
It has been suggested that thioether might be the intermediate in the
reductions of sulfoxides andor sulfones with nickelocene lithium aluminum
hydride. As discussed earlier, there is similarity between 5 and nickelocene
lithium aluminum hydride. Accordingly, similar intermediate might be expected
in the reaction with 5. Indeed, when 31 was treated with four equivalents of 5,
4-bromotoluyl phenyl sulfide (32) was isolated in 10% yield in addition to the
correspond reduced product (4-bromotoluene, 40% yield) (run 16).
Table 3. Desulfurization of thioacetals with 5 at 25°C for 24 h
Run Substrate Sub.: Ni: PPh,: LAH Product(%)







1 :10 :20 :10















1: 2:4: 2 (51)
PPh,
(51)




Table 4. Desulfurization of sulfoxides and sulfone with 5 at 25°C for 24 h
Run Substrate Sub.: Ni: PPh,: LAH Product (%)a
1: 4:8: 4
1: 4: 8: 4
1: 6 :12: 6
1: 3:6: 3

















a)(% isolated yield),[% G.C. yield]
Desulfurization of sulfur-containing compounds with dppm and dppe ligands The
catalytic behavior of organometallic catalysts depends on several factors. It is
noted that the nature of the ligand in these catalysts sometimes plays a prime role
in the selectivity of the catalytic reactions.
Such effect has been known in the nickel-catalyzed carbon-sulfur bond
cleavage reactions.As mentioned in the Introduction Section (page 9),
iso-propyl magnesium chloride in the presence of nickel(II) chloride
bis-(triphenylphosphine) can promote carbon-sulfur bond reduction. On the other
hand, when dppp (l,3-bis-(diphenylphosphino) propane) was employed,
carbon-carbon bond formation was the exclusive product. Since there is similarity
between nickel(II) chloride bis(triphenylphosphine)- Grignard reagent system
and the desulfurization reagent 5, it is desirable to investigate the effect of ligands
on the reaction. Two phosphines were employed: bis-(diphenylphosphino)
methane (dppm) and bis-(diphenylphosphino)ethane (dppe). Three sulfur-
containing compounds were used for comparison: 2-naphthalenemethanethiol
(6), 2-naphthalenethiol (9) and 9,9-di-(phenylthio) fiuorenone (12).
The corresponding nickel complexes, nickel(II) bromide dppm (38) and
nickel(II) bromide dppe (39), were prepared according to the procedure for the
preparation of 22. One equivalent of nickel(H) bromide-dimethoxyethane was
treated with equimolar of dppm in tetrahydrofuran under nitrogen atmosphere to
afford a solution of 38. 39 was obtained in a similar manner. Treatment of 38 and
39 with equimolar of lithium aluminum hydride yielded the desulfurization
reagents (40) and (41), respectively. It is worthy of mentioning that the color of
40 and 41 are somewhat different: 40 is reddish brown while 41 is reddish
brown with a shade of green. Following the same procedure using 5, the
organosulfur compounds were treated with 40 and 41 respectively. The results
are summarized in Table 5.
As can be seen from Table 5, 6 was reduced to 2-methyl naphthalene in 95%
yield with reagent 40 and 57% yield with reagent 41 (run 21). On the second
trial, 9 was treated with 40 and 41 to give naphthalene in 65% and 39% yields,
respectively (run 22). For reactions between 12 and the reagents 5, 40 and 41,
the yields of fluorene were 84%, 63% and 15%, respectively.
The reactivity of 41 is somewhat lower than that of 5 and 40. It is
well-established that dppe can serve as bidendate chelating ligand to give 42.
Dppm, on the other hand, cannot form similar complex 43 due to strain. In the
case of 42, reactions can only take place in cis manner around the metal center. On
the other hand, the reaction with 5 or 40 could occur in either cis or trans.
Recently, Yamamoto' and Wenkert independently have found that the
oxidative addition of aryl-sulfur bond to a nickel(O) complex occurs in
trans-manner (eq. 25). The adduct 44 might be the possible intermediate of the
3R 39
nickel-catalyzed desulfurization reaction.'
Our observation seems to be consistent with this argument where the
oxidative addition step might be less favorable with 41 than that with 5 and 40.
Further elaboration would be required to clarify this point.
Table 5. Desulfnrization of organosulfur corrmounds with 40 41 at 25 °C for 24h










THE NATURE OF THE REAGENT (5)
As described above, the nickel reagent 5 is apparently very versatile for the
reduction of various carbon-sulfur bonds. It would be intriguing to investigate the
nature of the reagent which could provide useful information on the mechanism of
the reaction.
The stoichiometry of the reagent 5 was determined by the measurement and
identification of gas evolved. A calibrated mercury-filled gas buret was
employed. The addition of equimolar of lithium aluminum hydride in
tetrahydrofuran to a deep green solution of 22 led to the evolution of one molar
equivalent of hydrogen and the formation of a dark reddish brown solution of 5.
Hydrolysis of this solution with water gave two equivalents of hydrogen. When
half equimolar of l,4-bis(mercaptomethyl) benzene was added to the solution of
5, one equivalent of hydrogen was evolved. In addition, one more equivalent of
hydrogen was given after the hydrolysis of the latter mixture with water. These
observations are summarized in Scheme 5. Based on these results, the












The tetrahydrofuran solution of the nickel reagent (5) showed no absorption
between 1600-2200 cm in infrared region while lithium aluminum hydride in
tetrahydrofuran absorbed at 1693 and 1644 (sh) cm1.40'41 This indicated that
there was no terminal metal hydride in 5 and all lithium aluminum hydride has
been consumed. However, the existence of metal hydride could not be completely
ruled out since IR absorption for the hydridic moiety of some of nickel clusters
was also difficult to assign.4
The H-nmr spectmm showed a multiplet at 5 6.0- 8.5 associated with the
aromatic protons of the triphenylphosphine ligands. Two broad singlet located at
5-11.7 and 5 -20.0 were assigned to the absorption of some kind of metal hydride.
However, the intensity of the peaks are not significant so that the relative ratio has
not been measured. Furthermore, there was no absorption due to lithium
aluminum hydride which is consistent with the infrared experiment.
DEUTERIUM LABELLING STUDIES
Since the reactions involve the reduction of carbon-sulfur bond to the
corresponding carbon-hydrogen bond, it is desirable to determine the origin of
hydrogen.
Thus, 6 was allowed to react with the reagent prepared from 22 and
equimolar of lithium aluminum deuteride. After workup and chromatographic
purification, 2-methylnaphthalene-a-d was obtained with at least 90% of
deuterium incorporation. This result clearly demonstrates that the hydrogen atom
predominantly arised from the reducing agent. It is noteworthy that nickelocene
lithium aluminum hydride gave similar observation.
MECHANISM OF THE DESULFURIZATION REACTIONS PROMOTED BY
REAGENT 5
The mechanism for the nickel reagent 5 promoted desulfurization reaction
has not been fully established. However, the results so far obtained do give some
useful information on the mode of the reaction.
The deuterium labelling experiments suggested that the reducing agent
provides the hydrogen source. This result is somewhat different from the Eisch's
work.43 They used (2,2'- bipyridyl) (1,5- cyclooctadiene) nickel- lithium
aluminum hydride system and found that the solvent and the quencher (acetic acid)
used in workup also supply hydrogen(s) in the reduction. The discrepancy
between Eisch's work and this study may arise from the different nature of the
reagent and of the substrates. Accordingly, the Eisch's electron transfer
mechanism may not apply in this case.
As mentioned earlier, the aryl carbon-sulfur bond can undergo oxidative
addition with nickel(O) complexes (eq. 25).39 Moreover, the thermolysis of the
nickel complexes having hydrido and arylthiolato ligands led to the cleavage of the
carbon-sulfur bond to evolve the corresponding hydrocarbons (eq. 26).









CH3Ph+ SPCy,+ Ar-S-Ar+ H.
(28%) (28%) (35%)
(eq. 26)
It is particularly noteworthy that phosphine sulfide was also obtained in
significant yield. This observation is compatible with the results on the
desulfurization of mercaptans in this study. It seems plausible that similar
intermediates might also be involved in the nickel reagent 5 mediated
desulfurization. Based on this proposal, a mechanism for the reagent 5 mediated
reaction is summarized in Scheme 6.










The nickel reagent may react with the mercaptans to give the intermediate
(45) which may then undergo a similar reaction discovered by Yamamoto and his
coworkers to yield the corresponding reduced products and triphenylphosphine
sulfide (23). As depicted earlier, one equivalent of hydrogen was evolved upon
admixing of mercaptan with 5, there remained only one hydridic moiety which
may be responsible for the carbon-hydrogen bond formation in the products. The
fate of the sulfur moiety may then be transferred to the phosphine ligand yielding
23. This viewpoint has further been shown to be plausible by scrutinizing the
reaction products of thioalkoxide 46.
The thioalkoxide 46 was treated with one equivalent of 5 in the usual
manner. 2-Methylnaphthalene and triphenylphosphine were obtained in 70 and
42% yields (eq. 29). It is important to note that no 23 was obtained at all. In
contrast to the reaction of mercaptans with 5, no hydrogen was evolved and hence,
there may be two equivalents hydridic species available for the reaction. One
might be used for the reduction of the thiolato carbon-sulfur bond. The other
might function as reducing agent to desulfurize 23. It is noted that 23 can be
reduced with various reducing agents including complex hydrides.44
As mentioned previously, 23 was not isolated from the reduction of
thioethers. In a similar manner as the reaction with thioalkoxides, no hydrogen
effervescence was observed when the thioether was mixed with 5. Accordingly,
this mixture may have similar composition, i.e. two equivalents hydridic species
per mole of reagent 5.
The actual mode of the formation of 23 in this study and in Yamamoto's
work5 is not clear. It is believed that nickel may play an important role in
transferring the sulfur from the thiolato ligand to phosphorus. Indeed, when
triphenylphosphine was mixed with nickel sulfide, 23 was isolated in significant
yield.45 This observation indicates that, when the hydrocarbon is liberated, a
nickel sulfide derivative may be formed and react in a similar manner as described
in eq. 27 to produce 23.
NiS+ PPh;
R.T.











CATAT.YTTC BEHAVIOR OF THE REAGENT 5
As shown in eqs. 27 and 28, nickel(O) and triphenylphosphine can be
theoretically recycled in the presence of an excess of the reducing agent. Thus, it
would be interesting to investigate whether the reagent 5 can serve as a
desulfurization catalyst.
The reaction essentially follows a similar procedure for the stoichiometric
reaction. Hence, a mixture of triphenylphosphine, one equivalent of lithium
aluminum hydride and nickel(Il) complex (22) (5 mol%) in tetrahydrofuran was
allowed to react with half equivalent of 34 for one day. Usual workup procedure
was employed to give fluorene in 44%, triphenylphosphine in 47%. 34 was
recovered in 40%. The result is promising. Unfortunately, other substrates (25
and 47) were found inert under these conditions. No reasonable conclusion would




It is well-documented that Raney nickel is also a hydrogenation catalyst.
Although the behavior of 5 in the desulfurization reaction is very similar to that of
Raney nickel, 5 was found inactive in catalytic hydrogenation at atmospheric
pressure and ambient temperature. Thus, treatment of acenaphylene with 10
mole% of 5 and one atmosphere hydrogen, starting material was recovered. It is
noted that the other homogeneous desulfurization agent, nickelocene lithium
aluminum hydride, is an active hydrogenation catalystThe discrepancy is not
known.
CONCLUSION
In this study, a new homogeneous organonickel reagent (5) has been
developed. It was active towards various carbon-sulfur bonds, such as mercaptans,
thioethers, dithioacetals, sulfoxides and sulfones.
The desulfurization behavior is quite similar to that of Raney nickel. Hence,
the reagent 5 may serve as a homogeneous model for studying the reactions
promoted by Raney nickel. Metal hydridic species plays an important role in the
reaction. This observation supports the Homer and Doms' mechanism which
suggested that there was some kind of interaction between the sulfur moiety and
nickel surface may occur, followed by the transfer of interstitial hydrogen from
the metal to carbon.









In comparison with the possible catalytic cycle of molybdenum sulfide
cobalt catalyst (Scheme 8), there is similarity between these two pathways. In both
processes, metal serves as the carrier of the sulfur moiety.
2H„+ R.RR 7RH




In Scheme 7. the acceptor of this sulfur species is phosphine while in Scheme
8, the acceptor is hydrogen. Consequently, the nickel reagent seems to be capable
to serve as useful homogeneous model for the heterogeneous desulfurization
catalyst.
FXPFRTMFNTAT SF.PTTON
Instrumentation All melting and boiling points are uncorrected. H-nmr
spectra were obtained on a JEOL PMX-60 (60MHz) nmr spectrometer or on a
Bruker WM250 (250MHz) nmr spectrometer. Unless otherwise specified,
chloroform-d was used as the solvent and tetramethylsilane as the internal
reference throughout this study. The nmr spectra of other nuclei were measured
on a Bruker WM 250 nmr snectrometer. The measuring freauencies and
respective reference materials are:: 62.5 MHz, CDCU (internal at 5 77.0
ppm).: 38.4 MHz, CgDg (internal at 5 6.90 ppm). Infrared spectra were
recorded on a Nicolett 20SX FT-IR spectrophotometer. Mass spectra and accurate
mass were obtained on a VG7070F mass spectrometer. Elemental analyses were
performed by the Shanghai Insitute of Organic Chemistry, Academia Sinica.
In all preparations and reactions, the solvents were evaporated in vacuo by
using Biichi RE A rotary evaporater at aspirator pressure.
General Procedures. All preparations and reactions involving air- and
moisture-sensitive organometallic compounds were conducted under a dry
nitrogen atmosphere. The appropriate techniques for the transfer, reaction,
analysis, and purification of such reagents were carried out according to standard
procedure.
The yields of desulfurization reactions were determined by isolating and
weighing the products. The gas chromatographic yields were obtained on a
Hewlett Packard 700 gas chromatograph. For identification and spectra analyses
the individual components were separated or collected by liquid chromatography.
Tetrahydroluran (THF) was freshly distilled from sodium-potassium
alloybenzophenone prior to use. Dimethoxyethane (DME) was distilled from
lithium aluminum hydride and stored over activated 4A sieves.48 The lithium
aluminum hydride in tetrahydrofuran (Aldrich) was analyzed by measuring the
volume of hydrogen evolved.
2-Naphthalenemethanethiol (6)— A mixture of 2-methylnaphthalene (50 g,
0.35 mol), N-bromosuccinimide (63 g, 0.35 mol) and a catalytic amount of
a,a'-azobisisobutyronitrile in carbon tetrachloride (ca. 50 mL) was heated under
reflux for 2 h. A 250 Watt tungsten lamp was used to accelerate the reaction. After
cooling to room temperature, succinimide was filtered and washed with
chloroform. The combined organic layer was dried over anhydrous magnesium
sulfate, filtered, and the filtrate was evaporated in vacuo to give
2-(bromomethyl)naphthalene (70 g, 90%); m.p. 50-51°C (lit.4 m.p. 54°C);
nmr 5 4.6 (s, 2H), 5 7.1-7.8 (m, 7H). This compound was used for the next
reaction without further purification.
2-(Bromomethyl) naphthalene (15 g, 0.068 mol) and thiourea (5.5g, 0.072
mol) were mixed in absolute ethanol (100 mL). The mixture was heated under
reflux for 3 h and then allowed to cool to room temperature. Sodium hydroxide
solution (10%, 150 mL) was added and the solution was refluxed for 2 h. The
solution was cooled to room temperature, acidified with dilute sulfuric acid (10%
, 170 mL), and then extracted with ether (3 x 50 mL). The combined organic
solution was dried over anhydrous magnesium sulfate and filtered.The filtrate was
evaporated in vacuo to give 6 (7.5 g, 63%); m.p. 45-47°C (lit.50 m.p.
47.2-47.7°C); nmr 5 1.6-1.9 (t, 1H), 5 3.8-3.9 (d, 2H), 5 7.2-7.8 (m. 7H).
9,9-Bisfphenvlthio) fluorene (12)— A chloroform solution (ca. 50 mL) o:
fluorenone (3.0 g, 17 mmol), thiophenol (3.7 mL, 36 mmol) and boror
trifluoride etherate (1 mL) was stirred overnight at 60°C and then poured intc
sodium hydroxide solution (5%, 50 mL). The organic layer was separated and
washed with aqueous sodium hydroxide solution (5%, 50 mL), dried over
anhydrous magnesium sulfate, filtered. The solvent was evaporated in vacuo.
Ethanol (ca. 30 mL) was added to dissolve the unreacted fluorenone. The white
solid was collected by filtration and washed with cold ethanol (5 mL) to give 12
(5g, 79%); m.p. 115-116°C (lit.51 m.p. 103-104°C); me (relative intensity) 382
(M+, 23%), 165 (base peak, 100%); 1Hnmr 8 7.2-7.8 (m).
1 -Adamantanethiol (8)—- A mixture of 1-bromoadamantane (10 g, 46 mmol)
and thiourea (3.8 g, 50 mmol) in absolute ethanol (60 mL) was refluxed for 3 h.
The clear solution was cooled to room temperature and then in an ice bath.
Sodium hydroxide solution (10%, 100 mL) was added and the mixture was heated
under reflux for 2 h.
Dilute sulfuric acid (10%, 100 mL) was added until the solution became
acidic. The aqueous solution was extracted with ether (3 x 50 mL). The combined
organic solution was dried over anhydrous magnesium sulfate, filtered, and the
solvent was evaporated in vacuo to give 8 (6.2 g, 79%); m.p. 100-101°C (lit.52
m.p. 100-102°C); XH nmr 8 1.4-1.8 (15H,m), 5 1.8-2.2 (1H, broad s).
2-(Phenvlthio) acetophenone (24)— To a slurry of sodium hydride (3 g, 80% in
oil, 0.13 mol, washed three times with hexanes) in tetrahydrofuran (ca. 30 mL)
cooled to -78 °C under nitrogen atmosphere was added dropwise with stirring
thiophenol (2 mL, 0.12 mol) in tetrahydrofuran (ca. 10 mL). The mixture became
cloudy. After all thiophenol was added, the suspension was allowed to warm up to
room temperature and stirred for 1 h. 2-Bromoacetophenone (20 g, 98 mmol) in
tetrahydrofuran (ca. 20 mL) was then introduced. The solution was stirred
overnight at room temperature and then poured into water (50 mL). A yellow-
colored organic layer was separated. The aqueous solution was extracted with
ether (3 x 50 mL). The combined organic solution was washed with sodium
hydroxide solution (10%, 2 x 10 mL) and then with water (2 x 20 mL). The
organic layer was dried over anhydrous magnesium sulfate, filtered, and the
solvent was evaporated in vacuo to afford 24 (16 g, 72%); m.p. 52-53 C (lit.
m.p. 54°C); me (relative intensity) 228 (M+, 17%), 105 (base peak, 100%); !H
nmr 5 4.2 (2H, s), 5 7.1-7.6 (8H, m), 8 7.8-8.0 (2H, m).
Bis-(B-naphthvlmethvn thioether (25)—- Sodium hydride (0.35 g, 80% in oil
12 mmol), triturated with hexanes (3 x 20mL), in tetrahydrofuran (ca. 20 mL
was cooled to -78 °C under nitrogen atmosphere. 2-Naphthalenemethanethiol (6
1.7 g, 9.5 mmol) in tetrahydrofuran (ca. 20 mL) was added and the mixture wa
allowed to warm to room temperature. 2-(Bromomethyl)naphthalene (2.1 g, 9.5
mmol) in tetrahydrofuran (10 mL) was then added drop wise. The suspension was
stirred for one day and poured into water (10 mL). The mixture was extracted
with ether (30 mL). The organic solution was washed with sodium hydroxide
solution (10%, 2 x 10 mL), water( 2 x 20 mL) and dried over anhydrous
magnesium sulfate, filtered, and the solvent was evaporated in vacuo to give a
yellow solid which was recrystallized from methanol to afford pure 25 (2.1 g,
71%); m.p. 120-121 °C QitP m.p. 123-4°C); me (relative intensity) 314 (M+,
65%), 141 and 142 (base peak, 100%); nmr: 5 3.7 (4H, s), 5 7.3-7.9 (14H, m).
2-Chlorosulfonvlfluorene (48) Fluorene (83 g, 0.50 mol) in chloroform
(360 mL) was placed in a 1-liter 3-necked round-bottomed flask equipped with a
mechanical stirrer, a condenser and an additional funnel. The flask was cooled in
an ice bath throughout the preparation. Chlorosulfonic acid (34 mL, 0.50 mol) in
chloroform (70mL) was added dropwise. The blue solid was poured into water
(1500 mL) and washed with chloroform (2 x 50 mL). The aqueous layer was
made basic with potassium hydroxide solution (30%, 70 mL). Fluorene-2-
sulfonic acid potassium salt was collected by filtration and dried under vacuum
(101 g, 71%). This compound was used for the next reaction without further
purification.
A mixture of phosphorus pentachloride (10 g, 0.048 mol), phosphorus
oxychloride (5 mL, 0.054 mol) and fluorene-2-sulfonic acid potassium salt (10 g,
0.035 mol) was placed in a 1-liter 3-necked round- bottomed flask. The mixture
was stirred with a mechanical stirrer and heated under reflux for 1 h. The excess
phosphorus oxychloride was removed under water aspirator pressure at room
temperature. The crude product was poured into water (700 mL) and extracted
with chloroform (3 x 20 mL). The combined chloroform solution was dried over
anhydrous magnesium sulfate, filtered, and the solvent was evaporated in vacuo to
afford the crude product which was recrystallized from chloroform to give pure
48 (5.0 g, 53%); m.p. 160-162°C (lit.-'-' m.p. 162-164°C); me (relative
intensity) 264 (M+, 75%), 165 (base peak, 100%); nmr 6 4.0 (s, 2H), 8
7.3-8.1 (m, 7H).
2-Fhiorenethiol (TO!—- A suspension of tin(II) chloride dihydrate (10 g, 44
mmol) in glacial acetic acid (110 mL) was saturated with hydrogen chloride gas
until a clear solution was obtained. 2-Chlorosulfonyl fluorene (48, 5.0 g, 0.019
mol) was added and the solution was stirred for 1 day, and then poured into
concentrated hydrochloric acid (100 mL) to give the precipitate which was
filtered. The solid was added to water (50 mL) and the mixture was extracted with
benzene (4x10 mL). The combined organic solution was dried over anhydrous
magnesium sulfate, filtered, and the solvent was evaporated in vacuo to afford a
yellow solid (2.6g); m.p. 140-141°C; ]H nmr 5 3.8 (s, 2H), 5 7.2-7.8 (m, 7H).
This solid was added to a solution of sodium borohydride (0.50 g, 0.026 mol) in
tetrahydrofuran (20 mL), and the mixture was stirred for 1 day. Dilute
hydrochloric acid( 10%, 35 mL) was then added dropwise until no gas evolved.
The crude product was washed with water (10 mL), and recrystallized from
chloroform to give 10 (2.5g, 66%); m.p. 129-130°C (lit.6 m.p. 128°C); nmr
5 3.5 (s, 1H), 5 3.8 (s, 2H), 5 7.2-7.8 (m, 7H).
1,5-Diphenvl pentane-l,5-dione (17)— A mixture of glutaric acid (3.0 g, 23
mmol) and thionyl chloride (ca. 20 mL) was heated to 50-60°C for 1 h. The excess
thionyl chloride was removed in vacuo to give glutaric acid dichloride. The
dichloride in benzene (ca. 10 mL) was added dropwise to a mixture of anhydrous
aluminum chloride (7.0 g, 53 mmol) and benzene (40 mL) while cooling in an ice
bath. After all of the chloride was added, the suspension was stirred for 2 h. The
mixture was poured into a mixture of crashed ice (22 g) and concentrated
hydrochloric acid (4.5 mL) and was then extracted with ether (2 x 20 mL). The
combined organic solution was dried over anhydrous magnesium sulfate, filtered,
and the solvent was evaporated in vacuo to afford the crude product which was
recrystallized from ethanol to give 17 (2.1 g, 37%), m.p. 64-66 C (lit. m.p.
65°C); nmr 5 2.1-2.2 (2H, t), 5 3.1-3.2 (4H, t), 5 7.4-7.6 (6H, m), 5 7.9-8.0
(4H, m).
1,14-Diphenyl tetradecane-l,14-dione (20)— In a 500 mL round-bottomec
flask, magnesium metal (1,9 g, 78 mmol) and a small amount of iodine were
mixed in tetrahydrofuran (ca. 30 mL) under nitrogen atmosphere. Ethyl bromide
(ca. 2 drops) was added to start the reaction. 1,12-Dibromododecane (11.7 g; 36
mmol) in tetrahydrofuran (ca. 40 mL) was added dropwise. The solution was
allowed to stirred for 3 h, Benzaldehyde (7.5 mL, 75 mmol) in tetrahydrofuran
(ca. 20 mL) was added dropwise and stirred for additional 4 h. The suspension
was extracted with ether (3 x 20 mL). The combined organic solution was
concentrated and treated with chromic acid (25 mL of 1.0 M solution).5 The
solution was stirred for one day, then extracted with chloroform (3 x 50 mL).
The combined chloroform solution was washed with water (50 mL), dried over
anhydrous magnesium sulfate and filtered. The solvent was evaporated in vacuo to
give the crude product which was recrystallized from ethanol to give 20 (6.1 g;
45%); m.p. 98-101°C (lit.59 m.p. 102°C); me (relative intensity) 378 (M+,
0.70%), 105 (base peak, 100%); Hnmr 5 1.2-1.4 (16H, m), 51.6-1.8 (4H, m), 5
2.9-3.0 f4H. t 5 7.4-7.6 (6H, m), 5 7.9-8.0 (4H, m).
General procedure for the preparation of compounds (13, 14,15 and 1$)—- A
mixture of one equivalent of the diketone, two equivalents of 1,2-ethanedithiol
and boron trifluoride etherate (1-2 mL) in chloroform (ca. 20 mL) was stirred
for one day. The organic solution was washed with water (20 mL), and with
sodium hydroxide solution (10%, 20 mL), and then dried over anhydrous
magnesium sulfate, filtered. The solvent was evaporated in vacuo to give the crude
product which was recrystallized from a mixture of ethanol and chloroform (5:1).
1.5-Diphenvl pentane-1.5-dione dithioacetal (13)— According to the genera
procedure described above, 17 (1.0 g, 4.0 mmol) was treated wit]
1,2-ethanedithiol (0.8 mL, 9.5 mmol) and boron trifiuoride etherate (1 mL) t(
give 13 (1.1 g, 69%); m.p. 104-105°C; me 404.0759 (calcd for C21H24S4;
404.0763); nmr 51.2-1.4 (2H, m), 5 2.2-2.3 (4H, m), 5 3.1-3.4 (8H, m), 5
7.1-7.3 (6H, m), 5 7.5-7.6 (4H, m); 13Cnmr 5 25.7, 5 39.3, 5 45.8, 5 74.1, 5
126.9, 5 127.1, 5 127.9, 5 145.0. Anal. Calcd. for C21H24S4: C, 62.33; H, 5.98.
Found: C, 61.84; H, 5.82.
1.8-Piphenvl octane-1.8-dione dithioacetal (14)----- Following the general
procedure, 1,8-Diphenyl octane-1,8-dione (18, 2.0 g, 6.8 mmol) was treated with
1,2-ethanedithiol (1.7 mL, 20 mmol) and boron trifiuoride etherate (1 mL) to
give 14 (2.0 g, 66%); m.p. 120-121°C; me 446.1233 (calcd for C24H30S4,
446.1233); nmr 5 1.1-1.3 (8H, b.s), 5 2.2-2.4 (4H, m), 5 3.1-3.4 (8H, m), 5
7.2-7.3 (6H, m), 8 7.6-7.72 (4H, m); 13Cnmr 5 27.2, 5 28.8, 5 29.2, 8 46.0, 5
74.4, 5 126.8, 5 127.2, 5 128.0, 5 144.8. Anal. Calcd. for C24H30S4: C, 64.52; H,
6.77. Found: C, 65.13; H, 7.07.
1,10-Diphenvl decane-UlO-dione dithioacetal (15)— Using the metho
described above, 1,10-Diphenyl deca-l,8-dione (19, 2.0 g, 6.2 mmol) was treate
with 1,2-ethanedithiol (1.7 mL, 20 mmol) and boron trifluoride etherate (1 ml
to give 15 (2.3 g, 78%); m.p. 93-94°C; me 474.1537 (calcd for C26H34S4
474.1546); nmr 5 1.0-1.3 (12H, m), 5 2.2-2.4 (4H, m), 5 3.1-3.4 (8H, m), i
7.2-7.3 (6H, m), 6 7.6-7.7 (4H, m); 13Cnmr 5 27.7, 5 29.1, 6 29.6, 5 39.2, 5 46.0,
8 74.5, 5 126.9, 5 127.3, 5 128.0, 5 145.4. Anal. Calcd. for C26H34S4: C, 65.77;
H, 7.22. Found: C, 65.48; H, 7.34.
1.14-Diphenvl tetradecane-1.14-dione dithioacetal 116)— According to general
procedure, 20 (2.0 g, 5.3 mmol) was treated with 1,2-ethanedithiol (1.1 mL, 13
mmol) and boron trifluoride etherate (1 mL) to give 16( 3.5 g, 99%); m.p.
65-67°C; me 530.2161 (calcd for C30H42S4, 530.2173); 1Hnmr 5 1.1-1.3 (20H,
m), 5 2.2-2.36 (4H, m), 5 3.1-3.4 (8H, m), 5 7.2-7.32 (6H, m), 8 7.6-7.8 (4H, m);
13Cnmr 8 27.8, 5 29.3, 5 29.5, 8 29.7, 5 39.2, 8 46.1, 8 74.6, 5 126.9, 5 127.3, 8
127.9, 8 145.4. Anal. Calcd. for C30H42S4: C, 67.87; H, 8.02. Found: C, 67.00;
H, 8.02.
7 b'-Ristfliiomnyn 1fnxide (21)— A suspension of anhydrous aluminum
chloride (1.3 g, 9.8 mmol) and fluorene (10 g, 60 mmol) in dichloromethane (ca.
30 mL) was stirred for 1 min. The mixture turned to brown in colour. Thionyl
chloride (0.5 mL, 6 mmol) in dichloromethane (ca. 10 mL) was added dropwise.
The solution turned to blue in colour. The mixture was poured into crashed ice
(50 g) containing concentrated hydrochloric acid (ca. 6 mL), and was then
extracted with ether (2 x 50 mL). The combined organic solution was dried over
anhydrous magnesium sulfate, filtered, and the solvent was evaporated in vacuo to
give a residue which was chromatographed on silica gel and eluted with
hexane-ethyl acetate (10:1) to yield 21 (1.3 g, 35%); m. p. 100-130°C; me 378
(M+, 14%), 165 (base peak, 100%).
GENERAL PROCEDURF. FOR DF.StTLFt IR1ZAT1QN OF MERCAPTANS
Nickel(II) bromide dimethoxyethane (0.40 g, 1.3 mmol), triphenyl
phosphine (0.60 g, 2.3 mmol) and lithium aluminum hydride (0.045 g,1.2 mmol)
was mixed in tetrahydrofuran (ca. 30 mL) under nitrogen atmosphere. The dark
reddish brown solution was stirred for 30 min. to which one equivalent of the
organosulfur compound was added. The mixture was stirred at room temperature
under nitrogen atmosphere for one day and then quenched with saturated
ammonium chloride solution (10 mL). The mixture was extracted with ether (3 x
25 mL). The organic solution was dried over anhydrous magnesium sulfate,
filtered, and evaporated in vacuo to give the residue which was chromatographed
on silica gel.
Similar procedures were employed for the reactions involving other ligands,
bis(diphenyl phosphino)methane or bis(diphenyl phosphino) ethane
Desulfurization of 2-naphthalenemethanethiol (6)— According to the general
procedure described above, 6 (0.76 g, 4.4 mmol) was allowed to react with the
nickel reagent prepared from nickel(H) bromide dimethoxy ethane (0.97 g, 4.4
mmol), triphenyl phosphine (2.4 g, 9.2 mmol) and lithium aluminum hydride
(0.21 g; 5.5 mmol) to yield 2-methyl naphthalene (0.50 g, 80%) which showed
same properties as those of the authentic sample. Triphenylphosphine sulfide
(0.52 g, 43%) was also isolated.
Desulfurization of 2-naphthalenemethanethiol (6) with nickel reagent prepared
from lithium aluminum deuteride-— Following similar procedure described
above, 6 (0.32 g, 1.9 mmol) was allowed to react with the nickel reagent prepared
from nickel(II) bromide dimethoxy ethane (0.58 g, 1.9 mmol), triphenyl
phosphine (1.0 g, 3.8 mmol) and lithium aluminum deuteride (77 mg; 1.8 mmol)
to yield deuterated 2-methyl naphthalene (0.12 g, 45%, 90 atom% D) and
triphenyl phosphine sulfide (0.12 g, 21%).
) The deuterium content was determined by the integration of the absorption of
aliphatic protons against the aromatic signals in the H-nmr spectra of the
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Figure 1
The integration of the aromatic signals against the absorption of aliphatic
protons in the proton nmr spectum of the samples.
Desulfurization of 2-naphthalenethiol (9)— According to the general
procedure, 9 (0.30 g, 1.9 mmol) was treated with the nickel reagent preparec
from nickel(II) bromide dimethoxy ethane (0.40 g, 1.8 mmol), tripheny]
phosphine (0.97 g, 3.7 mmol) and lithium aluminum hydride (73 mg; 1.9 mmol)
to give naphthalene (0.12 g, 50%) which exhibited identical properties as those oi
the authentic sample. Triphenylphosphine sulfide (0.28 g, 52%) was also obtained.
Desulfurization of 1-decanethiol (7)— Following the same method, 7 (0.61 g,
3.5 mmol) was reduced by the nickel reagent prepared from nickel(II) bromide
dimethoxy ethane (0.76 g, 3.5 mmol), triphenyl phosphine (1.9 g, 7.2 mmol) and
lithium aluminum hydride (0.14 g; 3.6 mmol) to afford n-decane (60%, gas
chromatographic yield) and triphenylphosphine sulfide (0.56 g, 55%).
Desulfurization of 1-adamantanethiol (8)— Using the described method, 8 (0.19
g, 1.1 mmol) was allowed to react with one equivalent of the nickel reagent
prepared from nickel(II) bromide dimethoxy ethane (0.39 g, 1.3 mmol),
triphenyl phosphine (0.61 g, 2.3 mmol) and lithium aluminum hydride (0.047 g;
1.2 mmol) to afford adamantane (52%, gas chromatographic yield) and
triphenylphosphine sulfide (0.074 g, 22%).
Desulfurization of 2-fluorene thiol (10)— The procedure is essentially the same
as described above, 10 (0.58g, 2.9 mmol) was allowed to react with the nickel
reagent prepared from nickel(II) bromide dimethoxy ethane (0.93 g, 3.0 mmol),
triphenyl phosphine (1.6 g, 6.0 mmol) and lithium aluminum hydride (0.12 g; 3.
mmol) to give fluorene (0.40g, 83%) which exhibited the identical properties o
the authentic sample. In addition, 12 (0.050g, 8.6%) ,triphenyl phosphine(trace
and triphenylphosphine sulfide(0.36g, 42%) were isolated.
Desulfurization of 2-naphthalenemethanethiol (6) with 40 using dppm ligand-—
According to general method mentioned previously, nickel(II)
bromide-dimethoxyethane (1.0 g, 3.2 mmol), dppm (1.2 g, 3.2 mmol) and
lithium aluminum hydride (0.12 g, 3.3 mmol) were mixed in tetrahydrofuran (20
mL) under nitrogen atmosphere. The mixture was allowed to react with 6 (0.56
g, 3.2 mmol) to give 2-methylnaphthalene (0.44g, 95%) which exhibited the
identical physical properties as those of the authentic sample. In addition, 6 (0.018
g, 3%) was recovered and bis(diphenylphosphino) methane (0.052 g, 4%) was
isolated.
Desulfurization of 2-naphthalenemethanethiol (6) with 41 using dppe ligand
By using of the same procedure, a solution of nickel(II)
bromide-dimethoxyethane (1.0 g, 3.2 mmol) and dppe (1.3 g, 3.2 mmol) in
tetrahydrofuran (ca. 20 mL) was reduced with lithium aluminum hydride (0.13 g
, 3.3 mmol). The nickel reagent was treated with 6 (0.56 g, 3.2 mmol) to afford
2-methylnaphthalene (0.27 g, 57%) which showed the same properties as those of
the authentic sample.
Desulfurization of 2-naphthalenethiol (9) with 40 using dppm ligand-— Using
the general method, 9 (0.16 g, 1.0 mmol) was allowed to reacted with the nickel
reagent prepared from nickel(II) bromide- dimethoxyethane (0.49 g, 1.6 mmol),
dppm (0.60 g, 1.6 mmol) and lithium aluminum hydride (60 mg, 1.6 mmol) to
yield naphthalene (0.083 g, 65%) which exhibited the same physical properties as
that of the authentic sample. No bis(diphenylphosphino) methane was isolated.
Desulfurization of 2-naphthalenethiol with 41 using dppe ligand—
According to the general procedure, 9 (0.45 g, 2.7 mmol) was treated with the
nickel reagent prepared from nickel(II)bromide-dimethoxyethane (0.84 g, 2.7
mmol), dppe (1.1 g, 2.8 mmol) and lithium aluminum hydride (0.10 g, 2.6 mmol)
to give naphthalene (0.14 g, 39%) which exhibited the same physical properties as
that of the authentic sample. No bis(diphenylphosphino) ethane was isolated.
GENERAL PROCEDURE FOR DESULFURIZATION OF SULFIDES
The procedure is essentially the same as that in desulfurization of
mercaptans, except one equivalent of the sulfur compounds was treated with two
equivalents of the nickel reagent.
Desulfurization of bis-fp-naphthvlmethyl)—thioether (25) By using the
general procedure mentioned above, 25 (0.31 g, 1.0 mol) was reduced by the
nickel reagent prepared from nickel(II) bromide dimethoxy ethane (0.62 g, 2.0
mmol), triphenyl phosphine (1.0 g, 4.0 mmol) and lithium aluminum hydride (2.1
mL of 1.0 M solution in tetrahydrofuran, 2.0 mmol) to afford 2-methy
naphthalene (0.20 g, 72%) which exhibited same physical properties as those o
the authentic sample. In addition, triphenylphosphine (0.17 g, 16%) was isolated.
Desulfurization of (l-naphthvlmethvl) phenyl sulfide (26)—- Following the
general procedure, 26 (0.45g, 1.8 mmol) was treated with the nickel reagent
prepared from nickel(II) bromide dimethoxy ethane (1.1 g, 3.6 mmol), triphenyl
phosphine (1.9 g, 7.1 mmol) and lithium aluminum hydride (0.14 g, 3.6 mmol) to
afford 1-methylnaphthalene (0.16g, 64%) which exhibited the identical physical
properties as those of the authentic sample. Triphenylphosphine (0.83g, 44%) was
also isolated.
Desulfurization of methvl 2-naphthvl sulfide (27)— According to the general
procedure, 27 (0.30 g, 1.7 mmol) was allowed to react with the nickel reagent
prepared from nickel(II) bromide-dimethoxyethane (1.1 g, 3.6 mmol),
triphenylphosphine (1.9 g, 7.2 mmol) and lithium aluminum hydride (0.14 g, 3.6
mmol) to yield naphthalene (0.115 g, 53%) which exhibited the identical physical
properties as those of the authentic sample. Triphenylphosphine (1.1 g, 60%) was
also isolated.
Desnlfiinzatinn of 1 -adamantvl 2-napbthalenemethvl sulfide (28)— By using
the general procedure, 28 (0.31 g, 1.0 mmol) was treated with the nickel reagent
prepared from nickel(II) bromide-dimethoxyethane (0.94 g, 3.0 mmol),
triphenylphosphine (1.6 g, 6.1 mmol) and lithium aluminum hydride (0.11 g, 3.0
mmol) to yield adamantane (61 mg, 45%), 2-methylnaphthalene (99 mg, 70%)
which exhibited the identical physical properties as those of the authentic sample.
In addition, triphenylphosphine (0.96 g, 60%) was isolated.
Desulfurization of sodium 2-naphthvl methyl thioalkoxide (46)-— By using the
general procedure, 46 (0.20 g, 1.0 mmol) was treated with the nickel reagent
prepared from nickel(II) bromide-dimethoxyethane (0.31 g, 1.0 mmol),
triphenylphosphine (0.53 g, 2.0 mmol) and lithium aluminum hydride (0.037 g,
1.0 mmol) to yield 2-methylnaphthalene (99 mg, 70%) which exhibited the
identical physical properties as those of the authentic sample. In addition,
triphenylphosphine (0.21 g, 40%) was isolated.
GENERAL PROCEDURE FOR DESULFURIZATION OF DITHIOACETALS
The procedure is essentially the same as that in desulfurization of
mercaptans. However, one equivalent of thioacetal moiety was treated with excess
nickel reagent (various from two equivalents to five equivalents of the reagent).
Desulfurization of 9.9-ethvlenedithio-fluorene—(34) Using the general
procedure described above, 34 (0.62 g, 2.4 mmol) was treated with two
equivalents of the nickel reagent which was prepared from nickel(II) bromide
dimethoxy ethane (1.1 g, 3.6 mmol), triphenyl phosphine (1.9 g, 7.1 mmol) and
lithium aluminum hydride (0.14 g, 3.6 mmol) to afford fluorene (0.27 g, 67%
which showed same properties as those of the authentic sample. In addition
fluorenone dimer (trace), triphenylphosphine (1.4 g, 55%) and tripheny
phosphine sulfide(trace) were isolated.
Desulfurization of 9.9-bisfphenvlthio') fluorene (121-— Following the genera
procedure, 12 (0.38 g, 1.0 mmol) was allowed to react with two equivalents of the
nickel reagent which was prepared from nickel(II) bromide dimethoxy ethane
(0.62 g, 2.0 mmol), triphenyl phosphine (1.1 g, 4.0 mmol) and lithium aluminum
hydride (76 mg, 1.0 mmol) to give fluorene (0.14 g, 84%) which showed same
properties as those of the authentic sample. Triphenylphosphine (0.50g, 47%) was
also isolated.
Desulfurization of 4-acetvlbinhenvl dithioacetal (33)-— According to the
general procedure, 33 (0.39 g, 1.0 mmol) was allowed to react with two
equivalents of the nickel reagent which was prepared from nickel(II)bromide
bis (triphenyl phosphine) (1.5 g, 2.0 mmol) and lithium aluminum hydride (2.0
ml. of 1.0 M solution in tetrahydrofuran, 2.0 mmol) to give 4-ethyl biphenyl (92
mg, 51%) which showed same properties as those of the authentic sample.
Triphenylphosphine (0.54g, 51%) were also isolated.
Desulfurization of 1.5-dipbenvlnentane-1.5-dione dithioacetal(13)— According
to the similar procedure described above, 13 (0.40 g, 1.0 mmol) was treated with
ten equivalents of the nickel reagent which was prepared from nickel(II) bromide
bis(triphenylphosphine) (7.4 g, 10 mmol) and lithium aluminum hydride (0.38 g
10 mmol) to yield 1,5-diphenyl pentane (0.13g, 58%) and triphenylphosphine (l.C
g, 19%).
Desulfurization of 1.8-diphenvl octane- 1.8-dione dithioacetal 1141 Using the
general procedure, 14 (0.45 g, 1.0 mmol) was treated with ten equivalents of the
reagent prepared from nickel(II) bromide dimethoxy ethane (3.0 g, 9.7 mmol),
triphenyl phosphine (5.2 g, 20 mmol) and lithium aluminum hydride (0.38g, 10
6
mmol) to give 1,8-diphenyl octane (0.12g, 46%) and triphenylphosphine(1.7 g,
31%).
Desulfurization of 1.10-diphenvl tetradecane-1.10-dione dithioacetal 115)—
Following the similar procedure, 15 (0.47 g, 1.0 mmol) was treated with ten
equivalents of nickel reagent prepared from nickel(II) bromide dimethoxy ethane
(3.0 g, 9.7 mmol), triphenyl phosphine (5.0 g, 19 mmol) and lithium aluminum
hydride (0.76g, 20 mmol) to afford 1,10-diphenyl decane (88 mg, 30%) and
triphenylphosphine (2.5g, 50%).
Desulfurization of 1.14-diphenvl tetradecane-1.14-dione dithioacetal (61
Using the general procedure, 16 (0.50 g, 0.94 mmol) was treated with ten
equivalents of the reagent prepared from nickel(II) bromide dimethoxy ethane
(2.9 g, 9.4 mmol), triphenyl phosphine (4.9 g, 19 mmol) and lithium aluminum
_ -
hydride (0.35 g, 9.2 mmol) to afford 1,14-diphenyl tetradecane (0.16 g, 49%) anc
triphenylphosphine (1.3g, 27%).
Desulfurization of 9.9-diCphenvlthiol fluorene 1121 with 40 using dnpm ligand
-— Following the general procedure, 12 (0.65 g, 1.7 mmol) was treated with
four equivalents of the reagent prepared from nickel(II)
bromide-dimethoxyethane (2.1 g, 6.8 mmol), dppm (2.6 g, 6.8 mmol) and
lithium aluminum hydride (0.26 g, 6.8 mmol) to give fluorene (0.11 g, 63%)
which showed the same properties as that of the authentic sample. Trace amount of
bis(diphenylphosphino) methane was isolated.
Desulfurization of 9.9-difphenvlthio) fluorene (12) with 41 using dppe ligand
— Following the general procedure, 12 (0.50 g, 1.3 mmol) was treated with
four equivalents of the reagent prepared from nickel(II)
bromide-dimethoxyethane (1.6 g, 5.2 mmol), dppe (2.0 g, 5.0 mmol) and lithium
aluminum hydride (0.19 g, 5.0 mmol) to give fluorene (34 mg, 16%) which
showed the same properties as that of the authentic sample.
GHNERAT. PROCEDURE FOR DESULFURIZATION OF SULFOXIDES AND
SI JLFONES
The procedure is similar to that in desulfurization of mercaptans. However,
one equivalent of sulfur compounds was treated with excess nickel reagent
(various from three to six equivalents of the reagent).
Desulfurization of biste-naphthvlmethvllsulfoxide (371—- Following the
general procedure, 37 (0.19 g, 0.58 mmol) was treated with the reagent prepared
from nickel(II)bromide-dimethoxyethane (0.79 g, 2.6 mmol), triphenyi
phosphine (1.3 g, 5.1 mmol) and lithium aluminum hydride (0.10 g, 2.7 mmol)
to yield 2-methylnaphthalene (0.12 g, 70%) which showed same properties as
those of the authentic sample. Triphenylphosphine (0.62 g, 46%) was recovered.
Desulfurization of 4-bromotolvl phenyl sulfoxide (311— Using the general
procedure, 31 (0.30g, 1.0 mmol) reacted with four equivalents of the reagent
prepared from nickel(II)bromide bis(triphenylphosphine) (3.0 g, 4.0 mmol) and
lithium aluminum hydride (0.15 g, 4.0 mmol) to give 4-bromotoluene (40%, gas
chromatographic yield) and triphenyl phosphine (0.55g, 26%).
Desulfurization of 2.2'- difluorenvl sulfoxide 121)—- According to the general
procedure, 21 (0.38g, 1.0 mmol) was treated by four equivalents of the reagent
prepared from nickel(H)bromide bis(triphenylphosphine) (3.0 g, 4.0 mmol) and
lithium aluminum hydride (0.15 g, 4.0 mmol) to afford fluorene (0.23g, 70%)
which showed the same properties as those of the authentic sample.
TriDhenvlphosphine(0.80g, 38%) was recovered.
Desnlfnrization of 1-rler.vl nnvl sulfoxide 136)— Using the similar procedure
as described above, 36 (0.27g, 1.0 mmol) was treated with three equivalents of the
reagent prepared from nickel(II) bromide-dimethoxyethane (0.93 g, 3.0 mmol)
triphenylphosphine (1.6 g, 6.0 mmol) and lithium aluminum hydride (0.79 g, 3.
mmol) to afford decane (55%, gas chromatogrphic yield), triphenylphosphir
(0.66g, 42%) and trinhenvl nhosnhine sulfideftrarpV
Desulfurization of (2-naphthvlmethvD ethvl sulfone 1351— By using the gene
procedure, a mixture of 35 (0.22g, 0.94 mmol) and six equivalents of the reage
prepared from nickel(II)bromide-dimethoxyethane (1.9 g, 6.0 mmo
triphenylphosphine (3.2 g, 12 mmol) and lithium aluminum hydride (0.23 g, 6
mmol) to give 2-methylnaphthalene (0.12 g, 92%) which showed the san
properties as those of the authentic sample and triphenylphosphine (1.3 g, 40%).
T.R. SPECTR OSCOPTC STUDY OF THE NICKEL REAGENT
In Schlenk, nickel(II) bromide bis(triphenylphosphine) complex (0.80 g, 1.8
mmol) to which was introduced tetrahydrofuran (3 mL). One equivalent of
lithium aluminum hydride (1.0 M solution in tetrahydrofuran, 1.8 mL) was
added. The samples were placed in an IR solution cell with potassium bromide
rrvstal as windows and subiected to IR analysis.
GAS EVOLUTION STTJDTES OF NICKELQD BROMIDE BIS(TRIPHENYL
PHQSPHINF0- LAH RF.AGENT BY USING GAS BURET
Studies were conducted in a 2-necked 250 mL round-bottomed flask, whose
side entrv bore a rubber septum. The top entry was connected to a calibrated,
mercury-filled buret. Nickel(II) bromide bis(triphenylphosphine) complex (0.04
M solution in tetrahydrofuran, 5.0 mL) was placed in the flask, and then lithium
aluminum hydride (1.0 M solution in tetrahydrofuran, 0.20 mL) was slowly
introduced through the septum with a gas-tight syringe. The collected volume of
gas was adjusted to STP. An average of three runs gave 0.95+ 0.05 molar equiv of
hydrogen. Hydrolysis of the reaction mixtures with water (2 mL) accounted for
1.9+ 0.08 molar equiv of additional hydrogen. Hence, all the available hydrogen
was evolved, 50% in the reaction with lithium aluminum hydride, and 50% upon
terminal hydrolysis.
A mixture of the complex (0.04 M solution in tetrahydrofuran, 5 mL) and
lithium aluminum hydride (1.0 M solution in tetrahydrofuran, 0.20 mL) was
placed in the flask. l,4-Di-(mercaptomethyl) benzene (0.05 M solution in
tetrahydrofuran, 2.0 mL) was introduced with a gas-tight syringe. The collected
volume of hydrogen was adjusted to STP. An average of two runs gave 0.90 molar
equiv of hydrogen. Hence, 25% of all available hydrogen was evolved in reaction
with mercaptan.
The gas formed in all of the above reactions were indentified as hydrogen
gas by mass spectrometer.
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